Abstract -The amino acid sequences of the two main subunits (CRTA and CRTC) of acrustacyanin. the lobster carapace carotenoprotein. have been determined. Computer graphics have been used to model the structures of the subunits, that of the dimer. D-crustacyanin, and the putative binding-sites for astaxanthin. Progress in determining the crystal structures and advances in sequencing carotenoproteins from other invertebrate phyla is reported.
INTRODUCTION
At the 8th International Symposium on Carotenoids in Boston (1987) the author presented (ref. 1) the partial amino acid sequence (160 consecutive residues) of one of the main 20 kDa subunits (A2; CRTA) of the lobster carapace astaxanthin-protein. crustacyanin. A significant but low sequence homology to human plasma retinolbinding protein (RBP) was shown (23% over 142 aligned residues) and several of the residues identified in contact with retinol in the crystal structure of RBP (ref. ) and rat urinary cr-2-globulin and mouse ma,ior urinary protein (ref. 10) . Although residue identities between pairs of lipocalins is low, the general form of the tertiary structures is identical in the latter cases: a &barrel structure consisting of 8 antiparallel 8-strands of + I + 1 + 1 repeated topology arranged in two orthogonal Dsheets with a cavity (calyx) between them where the hydrophobic ligand is bound. We were able, by combining information from different secondary structure prediction algorithms together with the sequence alignment with RBP. to detine roughly the eight putative D-strands of CRTA.
In this article the progress made in elucidating the structure of crustacyanin and the structures of other carotenoproteins from different invertebrate phyla is reported.
CRUSTACYANIN: AMINO ACID SEQUENCES OF T H E APOPROTEINS AND MOLECULAR MODELLING
The aooproteins The complete primary structures of the two main subunits. apoprotein A, (CRTA, 174 residues) and apoprotein C, (CRTC, 181 residues). have now been assembled from the sequences of the whole proteins and peptide fragments produced by chemical and enzymic cleavage (ref. 11-13) . The amino acid sequences are closely similar. The two consensus sequences of 13 and 1 1 residues separated by about 80 residues, characteristic of the lipocalins (ref. 14) . are conserved for the apoproteins. more highly so for CRTA. CRTC has a fiveresidue insertion (residues 23-27) in the consensus 1 region (N terminus) and a lower conservation of consensus 2: Interestingly, the patterns of charged residues in the consensus sequences of both subunits are complementary in that basic and acidic residues predominate, respectively, in consensus I and 2. but with fewer charged residues for CRTC.
The structure of CRTA was modelled, using computer graphics. to the co-ordinates of RBP and the structure of CRTC was subsequently modelled on the inferred structure of CRTA. The sequence alignment of CRTA and CRTC based on the structural alignment of the proteins is given in Fig. 1 , In this alignment 65 residues (38%) are identical and 43 conservatively substituted over 171 residues. The five cysteine residues of CRTA are conserved in CRTC but in no position are there more than six consecutive residues conserved between the proteins. Cross-reaction between the subunits and their polyclonal antibodies (CRTA/Polyclonal CRTC; CRTC/Polyclonal CRTA), between the subunits and monoclonal antibodies to RBP (CRTA/monoclonal RBP; CRTC/monoclonal RBP) and between RBP and the pol yclonals (RBP/polyclonal CRTA; RBP/polyclonal CRTC) indicate that all three proteins have epitopes in common (ref. 15 ).
The eight 6-strands in the structure of each subunit are arranged in two curved sheets with an orthogonal orientation to each other (see Of the residues potentially lining the cavities of CRTA (35 residues) and CRTC (33 residues), 26 are conserved or conservatively substituted (see Fig. 2 ). Almost half the cavity residues of CRTA and CRTC are conserved or conservatively substituted in RBP. and of 17 residues close to retinol in RBP (ref.
3) 9 residues (CRTA) and 7 residues (CRTC) are conserved or conservatively substituted in the apoproteins. These facts lend support to the putative structural models.
The astaxanthin molecule has been positioned within the cavity of each protein end-on, with the 4-keto and 4-hydroxy groups in hydrogen-bonding distance of conserved Thr and Tyr residues, respectively, of the two (Fig.   2,4 ). Strand joins G/H may fold to encapsulate the carotenoids, bringing further aromatic residues into the vicinity of the carotenoid for CRTC. The cavity residues in contact with the carotenoids are essentially aromatic, aliphatic hydrocarhon and polar. Thirteen of the 15 residues in contact with astaxanthin in CRTA are conserved or conservatively substituted in CRTC; 8 of these may be close to the carotenoid. Several of the putative carotenoid contact residues are conserved at the retinol-hinding site in RBP (Fig. 2) Crystal structures It must he stressed that the putative models for CRTA. CRTC. the carotenoid-hinding sites and B-crustacyanin may well contain inaccuracies. They are merely a starting point for consideration and experimental testing. NMR studies with '3C-lahelletl astaxanthin to prohe the carotenoitl-hinding sites are providing complementary and additional infhrmation (ref.
24).
It will be interesting to know hoth how near (or far) the putative protein structures are from reality and the efficacy of the predictive methods employed. Some progress towards answering these questions is being made. Molecular replacement using the lipocalins as search models has failed to assist in interpreting the X-ray data and the search is now on for suitable heavy-atom derivatives so that the structures may be solved by the isomorphous replacement method.
OTHER CAROTENOPROTEINS
A single type of carotenoitl-hinding site is unlikely to account for the diverse range of variously coloured carotenoproteins in Nature. Ovoverdin. the green astaxanthin-lipovitellin complex of lobster eggs (ref. Studies on the amino acid sequences of the skin carotenoproteins, linckiacyanin and asteriarubin, of the primitive starfish (phylum: Echinodermata) Lirzckia laevigara (calcified) and Asterias ruberzs (non-calcified), respectively, have revealed a new carotenoid-binding protein family. The two ca 8 kDa glycoprotein subunits (apolinc. I , 2) of linckiacyanin have not heen separated but are. fortunately, highly homologous in sequence.
The combined sequence (63 residues. Fig. 5) . almost complete. reveals that mutations are limited to 7 positions, of which 3 are conservative substitutions; the glycosylation site is at Asp 19 (ref. 28) . Two subunits of asteriarubin (apoast.1 and apoast.2). of similar size to those of linckiacyanin. have been separated and partially sequenced (41 and 36 residues. respectively) (ref. 29). They are more closely related to the linckiacyanin suhunits than to each other (apoast. 1 /apoast.2: 5 identities over 36 residues: apoast. l/apolinc. 1.2: 11 identities over 41 residues; apoast.2/apolinc. 1.2: 9 identities over 36 residues). The conservation of cysteine residues for the sequences supports the case for homology between the proteins (Fig. 5) . A search of the protein sequence data bank has shown that the amino acid sequences of the proteins are unique. Linckiacyanin and asteriarubin thus form a distinct and novel group of carotenoid-hintling proteins. Consequently. although the protein secondary structure of linckiacyanin has been predicted. motlelling of the tertiary structure will be far less straightforward than for the crustacyanin suhunits.
The red colours of some articulate hranchiopods derive from carotenoproteins possibly involved in the shell biomineralisation. The carotenoproteins. hinding canthaxanthin and 7.8-didehydroastaxanthin in one example (Terehrarella sanguhra). have 6.5 kDa subunits that are highly homologous in sequence for the first 20 Nterminal residues. Again. the partial sequences appear unique. The proteins may prove to be members of a separate carotenoid-hinding family (ref. 31) but there is weak similarity to residues 125-146 of CRTC.
Finally, the amino acid sequences. derived from gene nucleotide sequences. of phytoene desaturase from photosynthetic and non-photosynthetic organisms (ref. [32] [33] [34] and of a cytoplasmic membrane carotenoprotein from a cyanobacterium (ref. 35 ) have been published: the carotenoid-hinding domains of these large proteins (450-600 residues) have not heen established.
